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Detecting and quantifying biomarkers and viruses in biological samples have broad applications in early
diseasediagnosisandtreatmentmonitoring.Wehavedemonstratedalabel-freeopticalsensingmechanism
using nanostructured photonic crystals (PC) to capture and quantify intact viruses (HIV-1) from
biologically relevant samples. The nanostructured surface of the PC biosensor resonantly reflects a narrow
wavelength band during illumination with a broadband light source. Surface-adsorbed biotarget induces a
shift inthe resonant Peak WavelengthValue (PWV) that is detectable with,10 pmwavelength resolution,
enabling detection of both biomolecular layers and small number of viruses that sparsely populate the
transducer surface. We have successfully captured and detected HIV-1 in serum and phosphate buffered
saline(PBS)sampleswithviralloadsrangingfrom10
4to10
8 copies/mL.Thesurfacedensityofimmobilized
biomolecular layers used in the sensor functionalization process, including
3-mercaptopropyltrimethoxysilane (3-MPS), N-gamma-Maleimidobutyryl-oxysuccinimide ester (GMBS),
NeutrAvidin, anti-gp120, and bovine serum albumin (BSA) were also quantified by the PC biosensor.
R
apidandsensitivedetectionofproteins,antibodies,andpathogensinbiologicalsampleshasbroadapplica-
tions in the prognosis and treatment monitoring of several diseases including immune response for
infectious diseases, cancer, and cardiovascular disease
1,2,23,71. For instance, cancer biomarker and cancer
cells detection have shown great promise in early detection of colon, lung, ovarian, prostate, and leukemia
cancers
3–13. Further, rapid and sensitive detection of pathogens and infectious agents at the point-of-care
(POC) is essential for disease diagnosis, microbial forensics
14, and public health
15. More specifically, detecting
human immunodeficiency virus (HIV) in biological samples is critical for HIV detection and treatment mon-
itoring in resource-constrained settings
16–18. The integration of nanotechnology and label-free optical, electrical,
and mechanical biosensing has opened promising avenues in the development of diagnostic tools for infectious
diseases and cancer
19–22,24,25.
Antiretroviraltherapy(ART)hasbeenasuccessfulmethodutilizedinsuppressingacquiredimmunodeficiency
syndrome(AIDS).However,asignificantratiooftheAIDSpatientsindevelopingworlddonotreceiveARTsdue
to limited availability of rapid, sensitive, inexpensive, and portable HIV diagnostic tools for viral load measure-
ment and CD4 cell counting as the indicators of the patient’s immune response to ART. For instance, 46% of the
patients who needed ART worldwide by the end of 2011 did not receive therapy
26,27. Flow cytometry and reverse
transcription quantitative polymerase chain reaction (RT-qPCR) are sensitive standard methods for CD4 cell
countandviralloadmeasurements tomonitor ART,but theyrequirecomplexlaboratory infrastructure, expens-
ive reagents, and skilled operators
15,28. Viral load measurement at the POC has been technically challenging and
no POC viral load platform has been available commercially. Several POC CD4 cell count devices have been
developed based upon World Health Organization (WHO) guidelines that recommend therapy initiation in
resource-constrainedsettingswhenCD4cellcountfallsbelow500 cells/mL
29.CD4cellcountalone,however,may
lead to reducing the drug efficacy because early virological failure cannot be detected through this strategy
30–33.
Therefore,emergingnewtechnologiesareclinicallyneededtodevelopPOCviralloadmeasurementtoolssuitable
for resource-constrained settings.
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utilizing optical, electrical, and acoustic sensing methods such as
surface plasmon resonance (SPR), localized surface plasmon res-
onance (LSPR), quartz crystal microbalance (QCM), nanowires,
and impedance analysis
17,18,34–39. A nanoplasmonic-based platform
was developed to detect intact HIV-1 using self-assembled gold
nanoparticles conjugated with biotinylated anti-gp120 polyclonal
antibodiestoselectivelycaptureanddetectHIV
18.Anelectricalsens-
ing mechanism was also developed to detect captured HIV-1 on
magnetic beads conjugated with anti-gp120 antibodies through
impedance spectroscopy of viral lysate samples
17.
Amongtheseapproaches, photoniccrystal(PC) biosensors offera
rapid and sensitive optical detection method for biomolecules, cells,
and viruses by monitoring the dielectric permittivity changes at the
interface of a transducer substrate and a liquid media
40. Periodic
arrangement of dielectric material on a PC sensor results in estab-
lishment of an optical resonance at a precise wavelength, at which
electromagnetic standing waves form, which extend into the liquid
media in contact with the PC surface (Figure 1). The PC nano-
structures are comprised of a periodic surface structure formed by
replicamoldingfromalowrefractiveindexpolymer,whichiscoated
with a high refractive index TiO2 dielectric layer. When illuminated
withacollimatedbroadbandlightsourceatnormalincidence,thePC
structure reflects only a narrow resonant band of wavelengths with
nearly100%efficiency,whileallotherwavelengthspassthrough.The
Peak Wavelength Value (PWV) of the reflected resonant spectrum
shifts to greater values when biological analytes, such as proteins,
viruses,orcellsbindtothePC.Forinstance,PCsurfaceswereusedto
detectbreastcancercell(MCF-7)cytotoxicityandproliferation
41and
porcine rotavirus in biological samples
38. PC biosensors have also
been used in high throughput analysis of kinetic biomolecular inter-
actions
42. Here, we have developed a PC biosensing platform that
captures and detects intact viruses (HIV-1) as well as biomolecules
andantibodies.MultipleHIV-1subtypes(A,B,andD)weredetected
inspikedsampleswithviralloadsrangingfrom10
4to10
8 copies/mL
and validated with the gold standard method (i.e., RT-qPCR).
Results
To evaluate surface activation and biomolecule binding events, a
control group of unmodified PC surfaces were used. After modifica-
tion with the surface activators (i.e., 3-mercaptopropyltrimethoxysilane
(3-MPS) and N-gamma-Maleimidobutyryl-oxysuccinimide ester
(GMBS)), PWV shift of 0.35 6 0.15 nm was measured (Figure 2).
The corresponding PWV shifts were analyzed using Analysis of
Variance (ANOVA) statistical analysis represented a statistically sig-
nificantdifference fromtheunmodified PC surface (n5 3, p , 0.05)
(Figure 2). GMBS molecules presented succinimide groups to bind
NeutrAvidin, which allowed antibody immobilization with a favor-
able orientation for a higher capture efficiency rather than physical
adsorption and chemical binding
16. After modification of PC sur-
faces with NeutrAvidin, the PWV shift was measured to be 1.24 6
0.10 nm (Figure 2). Statistical analysis was performed for Neutr-
Avidin step, and demonstrated that there was a statistically signifi-
cant difference compared to the previous step (n 5 3, p , 0.05)
(Figure 2). The immobilization of biotinylated anti-gp120 polyclonal
antibodies on PC surfaces caused a PWV shift of 1.90 6 0.13 nm,
which was statistically different compared to NeutrAvidin step (n 5
3, p , 0.05) (Figure 2). 10% BSA was used as a blocking agent to
Figure 1 | Schematic of Photonic Crystal (PC) -based intact virus detection platform. (a) The bottom surface of PC biosensor microplate wells is
comprisedofananostructuredsubwavelengthgratingthatiscoatedwithTiO2.(b)Bindingevents withintheclosevicinityofthesensingareachange the
bulk index of refraction, thus, the peak wavelength value (PWV) of the reflected light is altered. The shift in the peak wavelength (DPWV) is directly
proportional to the binding of molecules and/or bioagents (e.g., cells and viruses) onto the biosensing surface.
www.nature.com/scientificreports
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cause a statistically significant peak shift compared to the antibody
step (n 5 3, p . 0.05) (Figure 2). The PWV shift after blocking the
PC surface with BSA was 2.18 6 0.14 nm.
TofurtherevaluatetheabilityofthePCplatformforvirus(HIV-1)
capture and detection. We tested HIV-1 spiked in DPBS samples at
concentrations ranging from 10
4 to 10
8 copies/mL (Figure 3). The
PWV shifts for the virus samples were measured with respect to
PWV corresponding to PC surfaces conjugated with antibodies
before the virus capture step. The PWV shifts for HIV-1 subtype B
and D spiked in DPBS samples represented a statistically significant
difference compared to control samples at minimum viral loads of
10
6 copies/mL and 10
5 copies/mL, respectively (Figures 3 a,b, n 5 3,
p , 0.05). There was no significant PWV shift observed for viral
loads below 10
5 copies/mL (Figures 3 a,b, n 5 3, p . 0.05). Linear
curvefitsthatcorrelateviralloadsinHIV-spikedinDPBSsamplesto
the corresponding PWV shifts were calculated for HIV-1 subtypes B
and D (Figures S1a, b). The coefficients of determination (R
2) for
these linear curve fits were 0.92 and 0.96 for subtypes B and D,
respectively. We have also evaluated the repeatability of the PWV
shift measurements for samples with virus concentrations ranging
from 10
5 to 10
8 copies/mL for HIV-1 subtypes B and D. The repeat-
ability was calculated based on the following equation:
Repeatability~
PWV change mean
PWV change meanzstandard error of measurement
|100
The repeatability of the experimental measurements for PWV
shifts for HIV-1 subtype B using samples with viral loads of 10
5,
10
6,1 0
7, and 10
8 copies/mL were 85%, 85%, 89%, and 91%, respec-
tively (n 5 3) (Figure 3c) and for HIV-1 subtype D were 85%, 93%,
95%, and 98%, respectively (n 5 3) (Figure 3d). We have also used
scanningelectronmicroscopy(SEM)tovisualizecapturedHIV-1on
the surface of the PC substrates (Figure 4).
Excessive levels of protein including albumin, casein, and immu-
noglobinduetopresenceofHIV-1inbiologicalsamplesmayprevent
antigen/antibody interactions and create nonspecific binding
16.I t
has been shown that anti-gp120 antibody is highly specific in cap-
turing multiple HIV-1 subtypes in whole blood and HIV-infected
patient samples
16,18 as well as in the presence of other viruses such as
Epstein-Bar Virus (EBV)
17. To evaluate the specificity of the
PC-based platform and potential drift due to nonspecific binding
onthenanostructuredsurfaces,wetestedthebiosensingsystemwith
HIV-spikedplasmasampleswithvariousviralloadsbetween10
2and
10
7 copies/mL. Plasma without HIV-1 was used as a control sample.
The viral loads of the stock HIV-1 samples were quantified by RT-
qPCR as the gold standard method. The PWV shift of the spiked
plasmasampleswithHIV-1subtypeBwithviralloadsof10
2,10
3,and
10
4 copies/mL were not significantly different compared to control
samples (Figure S2a, n 5 3, p . 0.05). The PWV shifts of the spiked
plasmasampleswithHIV-1subtypeBwithviralloadsof10
5,10
6,and
10
7 copies/mL were significantly higher than the PWV shift of the
control samples (Figure S2a, n 5 3, p , 0.05). We also observed that
the PWV shift of the spiked plasma samples with viral load of
10
5 copies/mL was significantly different than all other spiked
plasma samples (Figure S2a, n 5 3, p , 0.05). The PWV shifts of
plasma samples spiked with HIV-1 subtype B were 2.82 6 0.11 nm
(control), 2.97 6 0.10 nm (10
2 copies/mL), 3.14 6 0.13 nm
(10
3 copies/mL), 3.61 6 0.60 nm (10
4 copies/mL), 5.03 6 0.30
nm (10
5 copies/mL), 3.77 6 0.32 nm (10
6 copies/mL), and 4.10 6
0.16 nm (10
7 copies/mL). The linear correlation between the PWV
shiftsoftheHIV-spikedplasmasampleswithviralloadsbetween10
2
and 10
7 copies/mL was also calculated as illustrated in Figure S2b.
The repeatability of these PWV shift measurements was between
91% and 98% for HIV-1 subtype B (Figure S2c). Thus, the PC sub-
strates functionalized with anti-gp120 antibodies selectively and
reproducibly captured HIV-1 in plasma. The PWV shift decreased
for spiked plasma samples with viral loads higher than 10
5 copies/
mL. We observed the same response in plasma samples spiked with
another subtype (subtype A) (Figure S3). Previously, negative PWV
shifts were also reported for detection of porcine rotavirus on the
photonic crystal surfaces
43. The PWV shift is strongly dependent on
thedimensionofthe3Dstructuresonthephotoniccrystalsubstrates
includingtheheightofthetitaniumoxidelayer,thewidthoftheslabs
and the gap between the slabs. Proteins in serum samples can accu-
mulateonthesurfaceofthePCsubstratesduetononspecificbinding
andchangethedimensionsofthePCslabs,whichcauseslargerPWV
shifts in spiked plasma samples compared to spiked DPBS samples.
Athighervirusconcentrations,thereseemstobeahigherchancethat
free viruses in solution remove or extract accumulated proteins,
Figure 2 | PWV Shift due to Surface Chemistry. Utilizing a 384-well plate, each step of the surface chemistry process produced a distinct wavelength
shiftafter incubation. Theplate wasinitiallywashed 33withDPBS,treated withplasma for2minutes, then incubated with3-MPS atroomtemperature
for30minutes,followedbyGMBSincubationfor30minutesatroomtemperature.Next,NeutrAvidinandanti-gp120antibodywereaddedsequentially,
each with 1 hour incubation at 14uC. Blocking was performed using BSA for 30 minutes at 14uC. Viruses (subtype D, 2.9 3 10
8 copies/mL) were
incubated for 30 minutes at room temperature, fixed with 4% paraformaldehyde, and washed again with DPBS. DPWV is based off of shift from DPBS
baselinestep,whichwassettozero.Statistical assessmentonthe resultswasperformedusingAnalysisofVariance(ANOVA)withTukeyposthoc testfor
multiple comparisons. Statistical significance threshold was set at 0.05, p , 0.05. Error bars represent standard error of the mean (n 5 3). Brackets
connecting individual groups indicate statistically significant PWV shift.
www.nature.com/scientificreports
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43. Therefore, a
drop in PWV shift is observed in spiked plasma samples with viral
loads greater than 10
5 copies/mL. The high viral load measurements
(e.g. .10
5 copies/mL) in spiked plasma samples would potentially
benefit from further surface chemistry and design optimization on
the photonic crystals.
Discussion
HIV/AIDS is a global pandemic that has caused 25 million deaths
and more than 30 million people are infected worldwide
44–46. The
viral replication and shedding reaches its maximum rate at the acute
HIV stage (10
6–10
8 copies/mL) and makes the acute HIV infection
cases highly contagious
47–49. Patients with acute HIV-1 infection,
Figure 4 | Visualization of the captured viruses on photonic crystal surfaces. (a) Scanning Electron Microscopy (SEM) imaging of photonic crystal
surfaces with captured HIV-1 (b) Close-up image of a single virus attached to the PC surface. Utilizing the 384-well plate, surface chemistry was
performed usinganti-gp120 antibody (20 mg/mL) andBSA blocking. Samplewells were washed withDPBStoremove unattached viruses, fixedwith4%
paraformaldehyde,andfurtherwashedwithHyCloneHGradeWaterfollowedbyovernightdryingthroughevaporation.SEMimagewastakenat3.5 mm
working distance and 5 kV accelerating voltage.
Figure 3 | Capturing and detecting HIV-1 on PC surfaces with corresponding PWV shift using two blocking methods. (a) BSA blocking using HIV-1
subtype B (b) Glycine blocking with HIV-1 subtype D. Utilizing the 384-well plate, normal surface chemistry was performed. DPWV is based upon the
shiftfromthepreviousstepofantibodyincubation.Allvalueshavebeenreferencedagainstanegativecontrolwithoutviruses.Repeatabilitymeasurement
(n53)forspikedDPBSsampleswithvirusconcentrationsrangingfrom10
5to10
8 copies/mLforHIV-1subtypesB(c)andD.(d)Therepeatabilityofthe
experiments was between 85% and 91% for HIV-1 subtype B and between 85% and 98% for HIV-1 subtype D. Statistical assessment of the results was
performed using unpaired t test with 95% confidence internal for multiple comparisons. Statistical significance threshold was set at 0.05. Error bars
represent standard error of the mean (n 5 3). Brackets connecting individual groups indicate statistically significant PWV shift (p , 0.05).
www.nature.com/scientificreports
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HIV-1 transmission
50,51. Current POC rapid HIV tests target anti-
bodies against HIV-1 generated after infection. Recent comprehens-
iveinvestigations on samples taken frompatientsat highriskof HIV
infection and a field evaluation at Malawi have revealed that the
available POC HIV tests have poor sensitivity in detecting acute
HIV
52–54. For instance, Determine
TM HIV-1/2 Ag/Ab Combo rapid
test (Combo RT) was not sensitive to detect HIV-1 subtypes F, G, H,
J,CRF06_cpx,andCRF11_cpxandHIV-1groupsOandPandHIV-
2. The sensitivity of this rapid test was 61.5% for subtype B
52,53.
Therefore, there is an unmet clinical need to detect HIV-1 at acute
stage, where current antibody-based POC technologies such as lat-
eral flow assays, including dipsticks, enzyme-linked immunosorbent
assays (ELISA), and OraQuick are not effective due to the low con-
centration of antibodies
49,52,55.
Further, to increase access to ART, and to improve treatment
outcomes, there is an urgent need for inexpensive diagnostic and
monitoringtools
15,56,57.Indevelopedcountries,HIV-1viralloadnuc-
leic acid assays are used to monitor the treatment efficacy, to ensure
patient adherence and to predict disease progression. Since HIV-1
viral load assays are expensive ($50–200 per test), instrument-
dependent, and technically complex, CD4 cell count and clinical
symptoms are used to guide ART in developing countries. Recent
studies, however, have shown this strategy cannot detect early viro-
logical failure
30–32. The virological failure causes accumulation of
drug-resistance strains and reduces efficacy of the available sec-
ond-line regimens in resource-constrained settings
32. Thus, to
increase access to ART, a rapid, inexpensive, and simple viral load
test is urgently needed at the POC settings.
In this work, we have developed and presented an optical-based
PC biosensing platform that can capture and detect HIV-1 in sam-
ples with clinically relevant viral loads ranging from 10
4 to
10
8 copies/mL that occur before the seroconversion stage of the
HIV-1 infection (acute HIV-1)
48. Previous published work demon-
strated that multiple HIV-1 subtypes (A, B, C, D, E, G, and panel)
were captured, isolated, and quantified using biotinylated goat anti-
HIV gp120 polyclonal antibody, which targets multiple epitopes of
gp120 on HIV-1 surface
16–18. Although HIV-1 gp120 envelope
sequences vary between HIV-1 subtypes, the antibody used in this
work to capture HIV-1 (biotinylated goat anti-gp120, ab53937) is
polyclonal, and therefore, targets multiple epitopes. In this paper,
gp120 sequences for subtypes B and D were also aligned with the
EU541617 reference strain used to generate the polyclonal antibody
(Figures S4–S6).
Although anti-gp120 antibody used in this work is a polyclonal
antibody, the sensitivity of the PC biosensor is related to the HIV-1
subtype.Thedifferentsensitivityandrepeatabilityintheseresultsare
attributed to the differences between the HIV-1 gp120 envelope
sequences of different subtypes (A, B and D) used in this work.
Further, different subtypes can be captured and detected with differ-
entcaptureefficienciesandsensitivities
16,18.Overall,anti-gp120anti-
body captures different HIV-1 subtypes. Subtype specific antibodies
could improve the overall capture efficiency and sensitivity per
subtype.
It has been shown previously that rapid viral load replication and
doubling time (10 hours) during the acute HIV infection and before
ART initiation results in very high viral load levels (10
5–10
8 copies/
mL)
47,48,58. Although the maximum viral load is observed in acute
HIV-infectedpatientsvaries,thesestudiesshowedthatitcanreachto
a minimum of 10
5 copies/mL during the early stage of HIV-1 infec-
tion (seroconversion)
47. Therefore, the PC-based assay developed
and presented in this work can potentially be used to detect HIV
in infected individuals before the seroconversion stage of infection.
Currently an assay with higher sensitivity to detect and quantify
HIV in biological samples based on World Health Organization
(WHO) definition of treatment failure (VL . 1,000 copies/mL)
59
as well as the Department of Health and Human Services (DHHS)
and AIDS Clinical Trials Group (ACTG) definitions of treatment
failure (VL . 200 copies/mL)
60–62 would be beneficial to cover a
larger population of the HIV-infected patients for HIV detection
and ART monitoring. We envision that the sensitivity of this PC-
based assay can be potentially further enhanced by integrating a
microfluidic system that increases the capture efficiency of viruses
by decreasing the distance between the target viruses in the sample
and the PC surface
63–66. In the current approach, samples are placed
in microwells and viruses are captured at the bottom of the wells,
which requires the viruses to diffuse for a relatively long distance to
reach the capture zone on the surface of a PC substrate. A micro-
fluidic channel would reduce the time required for diffusion to bring
analyte tothe sensing surface,and minimize the non-sensingsurface
area that is capable of adsorbing viral particles. Reduction of the
antibody-prepared sensing area within a microfluidic channel will
potentially result in an increase in virus surface density for a fixed
virus concentration in the test sample, resulting in greater PWV
shifts. Increasing antibody concentration and using other capture
antibodies and moieties such as anti-gp41, anti-gp24 antibodies,
soluble CD4 molecules, or a cocktail of these antibodies may also
improvethecaptureefficiencyandsensitivityoftheassay.Theselect-
ivity and efficiency of these antibodies to capture HIV-1, needs to be
further evaluated using the PC-based biosensor platform.
AlthoughthisPC-basedsensingplatformhasshownagreatprom-
ise in detecting HIV-1 at the early stage of HIV-infection (serocon-
version) with high repeatability and selectivity, it needs further work
towards a portable design. This assay requires only a fingerprick
unprocessed whole blood sample (,50 mL) for HIV-1 detection
and for a closed system with automated sample handling a biosafety
level (BSL)2 or BSL2
1 facility and virus culture are not needed.
Methods
Reagents. Dulbecco’s Phosphate Buffered Saline (DPBS) was purchased from Life
Technologies (Grand Island, NY). Reagents used for surface chemistry including
3-mercaptopropyltrimethoxysilane (3-MPS), N-gamma-Maleimidobutyryl-
oxysuccinimide ester (GMBS), 200 proof of ethanol (EtOH), and paraformaldehyde
were obtained from Sigma Aldrich (Sheboygan, WI). Proteins utilized in the surface
chemistryincluding BovineSerumAlbumin (BSA)andNeutrAvidinwerepurchased
fromFisherScientific(Agawam,MA).Thecaptureantibody,biotinylatedanti-gp120
polyclonal antibody (ab53937), was purchased from AbcamH (Cambridge, MA).
PC well plate fabrication. PC biosensors were integrated with standard-format 384-
well microplates, as described in previous work
67. The PC is comprised of a flexible
polyester substrate that is coated with a uniform, large-area grating structure (period
5550 nm,depth5120 nm)thatisovercoatedbyatitaniumdioxide(TiO2)thinfilm
to produce a high efficiency resonant optical reflection at a wavelength of 855 nm.
PC-based micro-well plates (SRU Biosystems 384 micro-well plates, 110421-0108-
3MC, SRU Biosystems, Woburn, MA) are manufactured using a photoreplica-
molding processthatbeginswith asilicon masterwaferintowhich aultraviolet light-
curablepolymerismolded,covered withasheetofpolyethylene, andcuredusing UV
light. The polymer grating structure has a period of 550 nm and a grating depth of
200 nm. After the polymer sensor is cured and removed from the silicon master,
fabricationiscompletedwiththeadditionofa120 nm-thicklayerofTiO2,whichhas
a high refractive dielectric index, using a roll-to-roll reactive sputter deposition
process. Sensor coupons are cut from the roll, and attached with adhesive to
bottomless 384 micro-well plates, such that the entire bottom surface of each well is
covered with the PC structure.
Layer-by-layer biomolecule and antibody immobilization. Prior to applying
proteins and antibodies to the surface of the biosensor, a 384-well biosensor
microplate was washed three times using 13 DPBS. After the final wash, DPBS was
incubated in the wells and a PWV baseline was recorded for each well using a
detection instrument specifically configured for rapidly scanning PC biosensor
microplates (BIND Reader, SRU Biosystems, Woburn, MA). PWV shift for every
microplate well was measured after each surface modification step. Briefly, 3-MPS
(42.3 mg/mL in EtOH) was dispensed into the wells, and the plate was incubated at
roomtemperaturefor30minutes.Thewellswerewashedthreetimeswith70%EtOH,
and then, GMBS (0.28 mg/mL in EtOH) was added to the wells and incubated for 30
minutes. The plate was washed three times with DPBS to remove unbound and
weakly bound non-adsorbed material. To immobilize antibodies, NeutrAvidin
(0.10 mg/mLinDPBS)wasincubatedforanhouratroomtemperature.Theplatewas
then washed three times with DPBS, and then, incubated with a blocking agent, 10%
BSA in DPBS, for 30 minutes at room temperature. Wells were then washed and
www.nature.com/scientificreports
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two hours, and washed again with DPBS. The plate was then filled with DPBS while
being stored at 4uC, ready for the virus capture step.
HIV-1culture.WeobtainedHIV-1samplesfromNIHundertheAIDSResearchand
Reference Reagent Program. The viruses were cultured in peripheral blood
mononuclear cells (PBMCs). PBMCs isolated from HIV-1 negative samples by Ficoll
Hypaque density gradient centrifugation (Histopaque 1077 Sigma H8889) were
stimulated with PHA (0.25 mg/mL) for 3 days and co-cultured with HIV-1 positive
PBMCs samples. The samples were incubated at 37uC and 5% CO2 atmosphere. P24
titermeasurementwasperformedonthesupernatantsoftheco-culturesamplesbyan
ELISA kit (Perkin ElmerH, NEK050b). When p24 titer in the samples reached 20 ng/
mL,theco-culturewasterminated.Theviralloadofthesampleswasquantifiedusing
Roche- COBASH AmpliPrep/COBASH TaqManH HIV-1 Test, v2.0 system at the
microbiology laboratory at the Brigham and Women’s Hospital. The stock
concentration of HIV-1 subtypes A, B, and D samples were 1.7 3 10
8, 1.2 3 10
8 and
2.9 3 10
8 copies/mL, respectively.
Viruscapture.AfterantibodyimmobilizationonPCnanostructures,HIV-1samples
wereincubated inthemodifiedwellsfor30minutesatroomtemperatureinaBSL21
cellculturefacility.ThewellswerethenwashedthreetimeswithDPBStoremoveany
unbound viruses in the sample. Following washing, 4% of paraformaldehyde was
added tofix the intact viruses for furtheranalysis. ThePWV shifts due to binding the
virusestothesurfaceofthebiosensorweremeasuredfordetectionandquantification.
For conducting the experiments in plasma, whole blood was centrifuged (1500 rpm)
for 10 minutes to effectively separate the hematocrit. The plasma layer was gently
collected. HIV-1 stocks (subtypes A and B) were thawed (from 280uC to room
temperature) and diluted serially to achieve various virus concentrations in human
plasma. Surface chemistry was performed on the PC surface, and the conjugated
microwells were incubated with HIV-spiked plasma (100 mL), as well as a reference
control of only plasma, for 1 hour at room temperature. After sample incubation, the
microwells were carefully aspirated and 4%paraformaldehyde(100 mL) was added to
fix the captured viruses. Post fixation, the wells were washed three times with DPBS
and left wet with DPBS after the final wash. The PWV shifts were then measured.
HIV-1sequencing.ViralRNAwasextractedfrom140 mLofcellculturesupernatant
using the QIAamp Viral RNA Mini Kit (Qiagen). The full-length envelope gene was
amplified from RNA using a previously described nested PCR
68,69 modified with
house-designed primers as previously described
70. Bidirectional sequencing of near
full-length HIV-1 envelope was performed using previously described primers
69.
Sequenceswereassembled using Sequencersoftware(GeneCodes).Ambiguousbases
were called if individual chromatogram peak heights were at least 30% of the upper
peak height. HIV-1 gp120 sequences were assembled to the EU541617 HIV-1
envelope sequence. This sequence was used to generate the polyclonal goat anti-
gp120 antibody used in the experiments to capture and isolate HIV-1 subtypes.
Statistical analysis. The statistical analysis for the experimental results were
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